of functionally equivalent phenotypes actually increases as a function of the number of tasks an organism must perform simultaneously. Although the global fi tness of phenotypes capable of reconciling the tradeoffs of coping with light interception, mechanical stability, water conservation, and reproduction is reduced compared with phenotypes maximizing the performance of any one of these four functional obligations, the number of phenotypes performing all four functions simultaneous with comparable global fi tness increases.
This assertion is based on the results of computer simulations of early vascular land plants whose morphologies are preserved in the fossil record. By and large, these plants consisted of cylindrical leafl ess axes that functioned as photosynthetic and self-supporting structures elevating reproductive structures (sporangia containing wind-dispersed spores). The forms of these ancient plants can be simulated mathematically by means of three parameters -the probability of an axis branching P, the bifurcation angle between adjoining axes , and the rotation angle of adjoining axes with respect to the horizontal plane of reference  ( Figure 4A ). In the case of unequal branching, each of these three parameters must be assigned to each of the two or more axes in each branching point. Using these parameters, it is possible to computationally construct a multidimensional 'morphospace' (a space containing all theoretically possible phenotypes). Using physical fi rst principles, it is also possible to quantify the ability of each phenotype to perform one or more functional obligations simultaneously. A survey of the number of phenotypes capable of performing all four tasks equally well shows that their number is considerably greater than the number of phenotypes that can maximize the performance of any one, two, or three of the four tasks. In addition, many of the phenotypes optimizing all four tasks look like modern as well as ancient plants ( Figure 4B ). These results may seem counterintuitive. But consider that a machine maximizing the performance of only one task can deviate little from the most effi cient design, whereas a machine performing many tasks can take on a variety of designs that perform equally well.
Concluding remarks
There can be very little doubt that the 'rules' of plant morphology are far more numerous and complex than described in this brief overview, particularly since these rules are embedded in the operation of gene regulatory networks. The goal of this Primer was not to reduce this complexity to a few canonical rules, but rather to show how a few basic rules derived from fi rst principles can shed light on the complexity of organic form, both in today's world and in the distant past when the land plants fi rst evolved. To paraphrase Sir Arthur Conan Doyle's famous sleuth "Once you have removed whatever is physically and mathematically impossible, whatever remains must be irreducibly biologically possible (although not necessarily evolutionarily achievable)." Indeed, this is the objective of biophysics --to explore biology from the perspective of physical principles, such that whatever cannot be explained directly from these principles must be explained otherwise.
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Late Palaeozoic plants

Zhuo Feng
Land plants are one of the major constituents of terrestrial ecosystems on Earth, and play an irreplaceable role in human activities today. If we are to understand the extant plants, it is imperative that we have some understanding of the fossil plants from the deep geological past, particularly those that occurred during their early evolutionary history, in the late Palaeozoic.
The late Palaeozoic era spans from about 419 million years ago to 252 million years ago, and is subdivided into three geological periods in chronological order: the Devonian, Carboniferous and Permian. The late Palaeozoic is characterised by dramatic tectonic movements, global climatic changes and evolutionary novelties both in the ocean and on land. Green forests encompassing primeval plants fl ourished for the fi rst time on Earth, many of which formed the coal deposits that fuelled the industrial revolution and affect our climate today. Four major fl oristic realms were established along the palaeoclimatic zones in different palaeo-continents or land masses, namely, the high-latitude Gondwana and Angara fl oras, and the tropical through subtropical Euramerica and Cathaysia fl oras (Figure 1 ). Besides some enigmatic elements in each fl ora, the late Palaeozoic terrestrial vegetation typically featured diverse lycopsids, ferns, seed-ferns and primitive gymnosperms. During their long evolutionary histories, the late Palaeozoic plants evolved specialised shapes and physiological traits.
Plants in the late Palaeozoic environment
The global environment changed signifi cantly during the late Palaeozoic. Earth witnessed the formation of the supercontinent Pangaea that resulted from the northward drift and collision of two major continental blocks, Gondwana and Laurussia. The assembly of the supercontinent was Increased weathering substantially suppressed atmospheric CO 2 concentrations, and consequently cooled the planet. The dramatic transformation of the geographical confi guration changed Earth's climate from warm, humid and icefree conditions to a cooler, drier and more dynamic climate with frequent glaciations in the high latitudes of the southern hemisphere. Pronounced ice-house episodes with widespread glaciations -with ice-sheets extending to latitudes as low as 30 degreesprevailed from the Late Carboniferous through the early Permian. Following a relatively stable and warm period in the middle Permian, the world entered into a time of falling sea levels, increased CO 2 levels and climatic deterioration, which then terminated in the severe biotic devastation caused by the endPermian mass extinction.
Land plants probably originated during the mid-Ordovician, some 460 million years ago. During the Devonian, spore-producing plants including sphenopsid, fi licopsid and progymnosperms fl ourished, and the lycopsids underwent their fi rst evolutionary radiation. Fossils from the Rhynie Chert reveal that a complicated ecological network between land plants and other organisms was established at the very beginning of the colonisation of land by plants (Figure 2 ). The evolution and diversifi cation of terrestrial plants reached its fi rst climax in the Carboniferous, when the extensive coal forests were formed, consistent with the gradual drop of the CO 2 level. Plants evolved more complex vascular systems, allowing them to grow to larger sizes. One of the most signifi cant innovations of plant evolution during the time was seed production. This freed plants from the need of external water for sexual reproduction and enabled them to expand into drier upland and primary successional environments. Seed fi rst appeared in a group of plants possessing fern-like fronds during the late Devonian, coupled with the origin of Pangaea. Since the occurrence of the seed ferns, diverse derived gymnosperms evolved when the environment became more dynamic. It is seed production that enabled some plant lineages to survive the subsequent mass extinctions, and a quick recovery during the aftermath.
The end-Permian mass extinction was the most catastrophic event in the evolution of life on Earth and killed most marine animal species (>90%) and land tetrapods (>70%). Also, most land plant species were wiped out. Immense volcanic eruptions in Siberia and China injected massive amounts of greenhouse gases into the atmosphere, which is thought to be responsible for the extreme climate change at the end of the Permian. Together with the greenhouse gases, high concentration of toxic gases from the extensive volcanism may have caused the largescale die-off of land plants, which happened during the initial breakup of Pangaea. Among the late Palaeozoic plants, horsetails, cordaites and conifers are of particular interest as they show distinctive features that evolved in correspondence with environmental changes, providing valuable information for a comprehensive understanding of extant plants.
The calamites
Late Palaeozoic horsetails, known as calamites, were one of the dominant types of plant during the Carboniferous and Permian periods. They are prime constitutents of coal deposits. Compared to the single relict genus existing today, the free-sporing herbaceous Equisetum comprising some fi fteen living species, their ancestors evolved into a great number of species which inhabited the equatorial swamp forest ecosystems. Calamites were characterised by fast-growing upright aerial bamboolike thickets and extensive prostrate underground rhizome systems. They had thick hollow stem axes, forming shrubs a few meters high or trees that could grow up to 20 m high. Both the rhizome and the upright axes of calamites had distinctive nodes and internodes. Most of our previous understanding of the growth forms of calamite axes comes from pith casts fossil specimens worldwide. Pith casts of calamites were formed by sediments that fi lled the hollow central cavities of axes and solidifi ed prior to the stems being broken down by various agents. Pith casts preserve an impression of the pith cavity, which represents the inside of the vascular tissue and cortex. A series of ribs and furrows appear on the surface of a pith cast. The furrows represent the former position of the primary xylem wedges, whereas ribs correspond to the vascular rays between them. In many pith casts, it is possible to distinguish an oval scar just below the node. These scars mark the position of the vascular rays. On some exceptionally well-preserved specimens, additional scars may be seen just above the node at the bottom of the ribs; these scars probably represent the former positions of a leaf or branch. The scars on the nodes of the axes were thought to be caused by shed or broken branches and were thus treated as important indicators to infer the branching forms of calamites. However, petrifi ed calamite axes from the lower Permian of Brazil still have branches attached; the presence of these branches is not evident from the pith casts. The Brazilian specimens indicate that the branching of calamites is more variable than previously thought, and also cast doubt on the validity of classifi cation systems based on the scar types, as well as the reconstructions of the branch arrangements of calamites.
Together with thousands of petrifi ed plant pieces, a nearly complete, more than 11 meter-long horsetail tree specimen was recently unearthed from the early Permian petrifi ed forest of Chemnitz in Germany (Box 1). The exceptionally well-preserved horsetail tree shows a very thick woody trunk with multiple woody branches that form a big crown (Figure 3) . The spatial organisation of the complex branching system is highly comparable with that of modern woody angiosperm trees. It is also notable that the root system of these specialised horsetails is not like the earlier Carboniferous forms with horizontal rhizomes -these Permian horsetails had a more complicated Box 1. Three notable late Palaeozoic fossil plant sites.
There are many remarkable late Palaeozoic fossil plant sites worldwide, three of which deserve special attention.
The Rhynie Chert locality in Scotland is an exceptional fossil plant site of Early Devonian age, some 411 million years old, revealing an early stage in the colonisation of land. The Rhynie Chert contains diverse primitive plants (which had water-conducting cells and sporangia, but no true leaves), algae, fungi, lichens, as well as arthropods frozen in place by exquisite silica preservation. The exceptional state of the ultrastructural preservation permits individual cells to be seen. Different organisms including fungi and arthropods have been observed interacting with plants, offering a unique window into the interactions between species and kingdoms.
The Permian Vegetational Pompeii in Wuda, Northwest China is a fossil plant site buried in a thick air-fall volcanic ash bed, presenting a 298-million-year-old peat-forming swamp forest that grew in the palaeo-tropics. This marvellous fossil site exposes countless completely preserved individual plants, including arborescent lycopsids, tree ferns, noeggerathialeans, cycads and cordaites in an area of 2 × 10 square kilometers. The fossil plant locality preserves a snapshot of an intricate forest ecosystem in situ in high fi delity.
The early Permian petrifi ed forest in the city of Chemnitz, Germany is another exceptional fossil plant site. It contains a non-coal-forming lowland forest buried by pyroclastics about 290 million years ago. A dense hygrophilous vegetation including calamites, tree ferns, seed ferns and cordaites was petrifi ed at their growth sites. In addition to the numerous petrifi ed plant remains, a diverse fauna of reptiles, amphibians, arthropods and gastropods was also found in the petrifi ed forest. The petrifi ed forest in Chemnitz not only provides insights into an ancient forest ecosystem, but also sheds light on the cyclicity of solar activity documented in the petrifi ed wood in deep time. R908 Current Biology 27, R853-R909, September 11, 2017 anchoring root system. A tree can only survive by using the existant resources in the best way possible, by distributing its leaves in the air space and developing roots into the deep soil as effi ciently as possible and with minimum effort. Fossil records indicate that these giant woody horsetail trees persisted up to the late Permian in South China.
The cordaites
The cordaites are a group of seedplants that existed from the early Carboniferous until the end of the Permian. They represent a conspicuous portion of the late Palaeozoic fl ora and are considered to be closely related to conifers.
Whole-plant reconstructions of some cordaites have been proposed based on well-preserved specimens from North America, Western Europe and North China. Cordaites occupied a wide range of habitats from lowland peat mires or coastal plains to mineral soils on drier upland environments. A detailed investigation of the early Permian 'Vegetational Pompeii' in Inner Mongolia (Box 1) shows that cordaites played subtly different ecological roles in two neighbouring plant communities. They dominate in one site but are absent from another site a few kilometers apart (Figure 4) .
Fossil evidence suggests that cordaite plants comprise both longlived, scrambling shrubs and small trees, but could also form trees of over 45 meters in height, the tallest plants in the late Palaeozoic. It is noteworthy that some of the small trees show aerial stilt roots at the tree-trunk base, which resemble those of the modern mangrove trees. Some cordaites had tongue-shaped or strap-shaped leaves of up to one metre in length, while others had short and slender singleveined leaves. The overall diversity of this group is probably greatly underestimated because of the highly conservative features shown from the anatomy of leaf and wood.
It is still unclear whether cordaites were monoecious or dioecious. Both the male and female reproductive organs of cordaites generally formed compound, lax cones and were borne on the ultimate leaf-bearing shoot systems. Some cordaite seeds show prominent lateral extensions of the integument in the form of platyspermic wings, considered an adaptation to wind dispersal.
The evolutionary origin of cordaites is not well understood. Neither, is there any agreement on their phylogenetic position. Based on similarities in both vegetative organisation and reproductive biology -for instance, some fossil conifers show compound pollen cones like cordaites -conifers and cordaites are thought to be sister groups. Viewing the reproductive and vegetative structures, cordaites no doubt were a very advanced group of plants in the late Palaeozoic together with lycophytes, ferns, seed ferns and a few other primitive forms of gymnosperm (such as conifers, cycads or ginkgos). It remains a mystery why the cordaites went completely extinct, whilst their sister group, the conifers, evolved more diverse and advanced forms after the end-Permian mass extinction event.
Conifers
Conifers, which form the largest forests today, fi rst appeared in the late Carboniferous. The earliest fossil representatives are walchian conifers, a paraphyletic group of small trees with oblique branching systems. Fossils from North America and Western Europe suggest that walchians probably originated in relatively dry highland habitats. Because Earth's climate became progressively drier during the Current Biology 27, R853-R909, September 11, 2017 R909 early Permian, walchians diversifi ed and expanded their range into the basinal lowlands, probably due to their ability to form seeds. Gradually, they were replaced by the more derived voltzian conifers. Voltzians are perhaps more drought-tolerant, which is evident from their irregular branching systems and bifacial ovate to linear leaves, which are similar to those of modern conifers.
Palaeobotanical and sedimentological analyses suggest that the primitive conifers usually grew in much drier or seasonal dry environments, where they were less likely to be preserved as fossils. Thus, our understanding of these early conifers is still very limited. Primitive conifers look remarkably similar to their extant relatives, especially with regard to the principal structures of the vegetative and reproductive organs. Several important functional novelties of early conifers allowed this unique group to survive the end-Permian mass extinction, and subsequently became dominant land plants of the early and middle Mesozoic.
Fossil specimens demonstrate that several of the early Permian walchian conifers were able to undergo cladoptosis, an active shedding of the penultimate leafy branches. Such active branch abscission is known from a few extant araucarian conifers, but was a common feature of the walchians. Likewise, leaf abscission was documented in a Permian conifer from China. Active shedding of leaves or branches functionally enabled conifers to compete with other plants in the stressful environmental conditions at the time. However, the shed leaves and branches provided excellent fuel for wildfi res, which are an important force in shaping forest ecosystem and global climate processes and may have contributed to the evolution of conifers.
Another response of woody plants, for instance in case of injury, is the formation of tyloses. Complete tylosis formation, similar to that seen in modern plants, has been recorded in a late Permian woody conifer. Tyloses and other traits indicate that conifers gained a number of novel traits during their early evolutionary history, although these could not prevent the loss of primitive conifer lineages in the endPermian mass extinction.
Besides calamites, cordaites and conifers, many interesting plant groups occurred in the late Palaeozoic. Although these ancient plants are very remote from their extant relatives, the study of late Palaeozoic plants shows clearly that the evolution of plants was always intimately coupled with environmental changes. Specialised physiological and functional novelties evolved by the late Palaeozoic plants may have been passed down to their successors, paving the way for the making of modern plants.
